survival of each attacked tree was determined and recorded, by checking the leaf flush 146 of the investigated year. For multi-stemmed trees, DBH and survival were recorded 147 for each individual stem. Differences in the mortality rate among trees species were 148 tested using a 2-sample test for equality of proportions. 149
The location of each attacked tree was mapped using a global positioning 150 system (GPS; GPS map 60 CSx, Garmin International, Inc., Olathe, Kansas). The 151 longitude and latitude of each tree were projected onto a Transverse Mercator 152 coordinate system in meter units. The altitude, topographic wetness index, and slope 153 aspect of each location were calculated from a digital elevation model provided by the 154 Geospatial Information Authority of Japan. The topography projection and calculation 155 were performed using GRASS geographic information system (GIS) software (GRASS 156 Development Team 2010) . 157
158

Preparation of explanatory variables 159 160
Although it was presumed that the DEA affected the probability of mortality 161 of an individual tree, the scale of this was unclear. Therefore, we prepared the basal 162 area of attacked fagaceous trees (BA) by generating buffers around each stem, using 10 163 different scales ranging from a 2.5-m to a 25-m radius at 2.5-m intervals, and summing 164 the BA of stems included in each buffer. When the generated buffer crossed the 165 boundary of the study area, the BA was corrected by dividing the cumulative basal area, 166 by the proportion of the buffer area inside the study area to the total buffer area. 167
We mapped the locations of attacked fagaceous trees (gray and black trees in 168 The candidate explanatory variables for predicting the probability of mortality 182 of trees attacked in the present year did not include the distance from trees attacked in 183 the previous year, because of the lack of information regarding attacked trees outside 184 the study area, and the prevention control of beetle emergence conducted in the study 185 area. In the study area, diameter measurements of the trees have been recorded at 186 3-year intervals since 1980, in 13 fixed plots (boxes in Fig. 2b ). No damage caused by 187 P. quercivorus was observed in these plots or their surroundings, until the 10th 188 measurements were conducted in 2007. In 2008, trees killed by P. quercivorus were 189 first observed in the surrounding plot; therefore, nearly all the damage in 2008 was 190 thought to be caused by beetles from outside the study area. It was difficult to check 191 the locations of trees outside the study area that had been attacked in the previous year, 192
i.e., 2007. In addition, irrespective of the present study, damage control trials wereemergence and minimize damage to other trees. Therefore, it was difficult to evaluate 197 the potential of trees attacked in the previous year to be sources of infection. The candidate explanatory variables were tree species, DBH, BA within a 2.5-25-m 207 radius, altitude, topographic wetness index, slope aspect, and vegetation type. We 208 assumed a nonlinear effect of slope aspect, and used a cyclic cubic regression spline as 209 a smoother, to ensure that the values of the smoother at each end of slope aspect-0° 210 and 360°-were the same. 211
The data for analysis were prepared at the individual stem level. We 212 observed a high frequency of multi-stemmed fagaceous trees in the study area; further, 213 stems of the same genet (individual tree) were basally connected with each other, 214 implying a dependent structure. Therefore, the genet of trees, nested within tree 215 probability of mortality of trees attacked by P. quercivorus. In the first step, the best 218 scale to calculate the density of attacked trees as an explanatory variable in the model 219 for predicting the probability of mortality was evaluated. In the second step, the 220 best-fit model with the lowest Akaike's information criterion (AIC) was selected from 221 various combinations of candidate explanatory variables. 222
In the first step, 10 models were constructed-including the BA values at 10 223 different scales and all other candidate explanatory variables-and the model with the 224 lowest AIC was selected as the full model. In the second step, the best-fit model was 225
selected from the full model, by comparing the AIC of all candidate models with 226 various combinations of explanatory variables. We used 7 candidate explanatory 227 variables (tree species, DBH, BA, altitude, topographic wetness index, slope aspect, and 228 vegetation type), and therefore the inclusion or exclusion of each variable resulted in 229 128 combinations. Among these 128 models, the model with the lowest AIC was 230 selected as the best-fit model. The relative variable importance (RVI) of each 231 candidate explanatory variable was calculated using the Akaike weights of the 128 232 models. Comparisons of AIC and calculation of RVI were performed using the 233
MuMIn package in R. 234 40 stems were also excluded from the statistical analyses, because trees with a previous 251 infection history are known to be resistant to P. quercivorus (Soné et al. 1998; Urano 252 2000) . Thus, data on the remaining 2063 stems were used for the statistical analyses. 253
The annual distribution of attacked Q. crispula in the study area differed from 254 that of C. crenata (Fig. 3) . Clumps of attacked Q. crispula were observed at the lower 255 edges of the ridge face on the bog (Fig. 3) . Generally, the density of attacked Q. 256 crispula was low on the west side of the study area (Fig. 3) , where the vegetation was 257 dominated by Japanese cedar and Q. crispula (Fig. 2b) . Similar to this area, the center 258 area (bog) was distinguished by a low density of attacked Q. crispula (Fig. 3) . In 2008, 259 attacked C. crenata trees were distributed only on the north side; however, after 2009, 260 their distribution range extended to the south (Fig. 3) . 261
We compared the ability of 10 models to predict the probability of mortality 262 of the attacked trees, by using tree species, DBH, altitude, topographic wetness index, 263 slope aspect, vegetation type, and BAs calculated at 10 different scales as explanatorythe area used to calculate the BA, reaching its lowest value at a 15-m radius; thereafter, 266 the AIC increased (Fig. 4) . Therefore, the BA within a 15-m radius was used as a 267 candidate explanatory variable for modeling the probability of mortality of the attacked 268 trees. 269 DBH, topographic wetness index, slope aspect, and vegetation type were not 270 selected as explanatory variables in the best-fit model to predict the probability of 271 mortality of the attacked trees. When C. crenata was set as a baseline, the estimated 272 coefficient for Q. crispula was positive (tree species in Table 2 ). The estimated 273 coefficient for the BA was also positive, indicating that this variable had significant 274 positive effects on the probability of mortality of the attacked trees (Table 2) . A 275 significant negative effect on the probability of mortality was detected for altitude 276 (Table 2) . Tree species, BA, and altitude were equally important predictors in the 277 model (RVI = 0.99 or 1.00, Table 2 In the present study, we showed that the mortality of trees attacked by P. 284 quercivorus was significantly higher in Q. crispula than in C. crenata (Table 1) ; further, 285 tree species was included in a best-fit model to predict the probability of mortality 286 (Table 2 ), implying that the probability of mortality was higher in Q. crispula than in C. 287 crenata. Quercus crispula is a more suitable host for P. quercivorus than is C. crenata 288 (Tarno et al. 2011) ; therefore, the beetle is more inclined to use Q. crispula as an attacktarget (Yamasaki and Futai 2012) , resulting in a higher probability of death for this 290
species. 291
We demonstrated a positive effect of DEA on the probability of mortality 292 (Table 2 ), suggesting that mortality is low when the tree is individually attacked (i.e., 293 with a low density of surrounding attacked trees), and high when the tree is attacked 294 together with surrounding individuals (i.e., with a high density of surrounding attacked 295 trees). In other words, changes in infection phases, from initial attack to mass attack 296 (and subsequent death of the attacked tree), tend to occur when groups of trees are 297 attacked. Therefore, it is likely that mass attacks of P. quercivorus occur not only in 298 individual trees, but also in groups of trees. The ambrosia and bark beetles are thought 299 to attack trees en masse to break down the host tree's resistance; further, the male 300 beetles use an aggregation pheromone to attract conspecifics to an individual tree 301 (Wood 1982) . When attacked trees are clumped together (Fig. 3) , the effects of the 302 aggregation pheromone might also work on a larger scale, and the beetle might be 303 attracted primarily to a group of trees. The BAs calculated at a 15-m-radius scale, i.e., 304 706.5 m 2 in area, were good predictors of the probability of mortality of the attacked 305 trees (Fig. 4) , and may show the effective scale of clumped attacked trees as attractants 306 to the beetle. In the case of initial attack by P. quercivorus, the effective DEP scale 307 was 900 m 2 (Yamasaki and Sakimoto 2009), which is slightly higher than the scale 308 suggested in the present study. Beetles might begin to search for a suitable host tree 309 within a wide range, and after detecting clumped host trees, might narrow the target, 310 and precipitate a mass attack. 311
Previous studies showed negative effects of altitude on the probability ofnegative effects were explained by the shorter growing season for the beetles, caused by 314 the cooler temperatures at higher altitude (Williams et al. 2008) . A similar negative 315 effect of altitude was determined in the present study (Table 2) ; however, considering 316 the small range of altitude (800-970 m) in the study area, it is improbable that the 317 length of the beetle's growing season differs among trees at different altitude. The 318 decrease in the probability of mortality of the attacked trees with an increase in altitude 319 may have arisen because of the host-seeking process of P. quercivorus in forests. A 320 previous study showed that P. quercivorus moves upward along slopes (Esaki et al. 321 2004) . Platypus quercivorus might initially seek hosts at lower elevations in a forest, 322 and trees at the lower elevations might have a higher probability of mortality because of 323 their longer exposure to the beetle. 324
As reviewed in Fettig et al. (2007) , insect resistance mechanisms are damaged 325 in trees that are stressed by factors such as drought, and this causes high susceptibility 326 to attack by the bark beetle. Moreover, under severe drought conditions, susceptibility 327 to beetle attack is further increased by other stress factors (Eatough Jones et al. 2004) . 328
In the present study, we determined no effect of wetness on the mortality of the attacked 329 trees (the topographic wetness index was not selected in the best-fit model, Table 2 ). 330
Vegetation type was also not selected in the best-fit model ( Table 2) . The model 331 confirmed the lack of a relationship between water availability and the mortality of the 332 attacked trees. The dataset for the present study included 4 vegetation types, namely, 333 bog and 3 types of secondary forest. Water availability was evidently higher for trees 334 growing in a bog than for trees growing with other vegetation types; however, the 335 mortality of the attacked trees did not differ among vegetation types. The mortality of 336 trees attacked by P. quercivorus is considered to be mainly affected by the occurrence 337 of mass attacks, and the local environment of trees may have little effect once a mass 338 attack is initiated.stands with more light (Igeta et al. 2003) . A study conducted at Hacchodaira-the 341 same site as that used in the present study-showed a negative effect of DEP at a large 342 scale on the probability of beetle attack (Yamasaki et al. in press) , suggesting a beetle 343 preference for bright stands with low DEP. Assuming that phototaxy functions during 344 the host-seeking process, the heterogeneity of light environments in a forest interior 345 caused by differences in slope aspect might have some effects on beetle aggregation. 346
However, in the present study, the mortality of attacked trees was not affected by slope 347 aspect (Table 2) history (Yamasaki and Futai 2008) . However, the attack process of the beetles is 369 thought to be divided into 2 phases-the initial attack and the mass attack (Fig. 1) . In 370 the present study, by analyzing only attacked trees, we clarified the factors affecting the 371 initiation of mass attack. The exclusion of DBH and vegetation type from the best-fit 372 model for predicting the probability of mortality of the attacked trees suggests that P. Significant differences from zero were tested using z-statistics (**P < 0.01, ***P < 0.001) c RVI = relative variable importance, calculated using Akaike weights of all candidate models d Tree species = species of attacked tree (estimated intercept for Quercus crispula, when Castanea crenata is set as a baseline, is shown) e BA = basal area of attacked fagaceous trees within a 15-m radius f DBH = diameter at breast height, i.e., diameter of the attacked tree at 130 cm above ground 
